Introduction: Pedicle subtraction osteotomy (PSO) is performed to correct sagittal plane deformity. This procedure is useful with revision cases in which the number of intact discs for correction is limited.
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Introduction
Proximal junctional kyphosis (PJK), proximal junctional fracture, and iatrogenic kyphosis following previous malalignment fusion surgery often lead to sagittal plane imbalance, which requires correction surgery, and to primary adult spinal deformity. Correction of kyphosis at disc level -such as through multilevel posterior interbody fusion (PLIF) 1) , dorsal ventral dorsal correction 2) , and lateral lumbar interbody fusion 3) -is indicated for cases in which several intact discs remain. However, for revision cases, the number of intact discs that can be used for kyphosis correction is limited, and pedicle subtraction osteotomy (PSO) that can correct kyphosis at the vertebral body is indicated in most cases.
The purpose of this study was to investigate clinical and radiological results of PSO for correction of kyphosis following lumbar fusion surgery and to determine the efficacy and the limitations of this procedure.
Materials and Methods
A retrospective review of 44 patients (10 male and 34 fe- 0  60  120  180  240  300  360  420  480  540  600  660  720  780 male) who underwent PSO for kyphosis following lumbar fusion surgery, with minimum follow-up of 2 years, was performed. The average age at operation was 72.8 years (range 42-85 years), and the average follow-up period was 4.1 years (2-9 years). The average fused level was 7.5 (4-13 level) including the fused level of previous surgery of 2.4 (1-7 level). Our method of PSO was grade 4 osteotomy (Schwab classification) 4) , and the partial vertebral body and superior disc were removed as described by Lehmer 5) . The average interval of PSO and previous lumbar fusion surgery was 4.8 years (1-12 years). PSO was performed at the proximal vertebra of the previously fused area in 22 patients, at the upper fused vertebra in 16 patients, at the middle vertebra in the fused area in 1 patient, at the lower fused vertebra in 2 patients, and at the distal vertebra of the fused area in 3 patients. The exact osteotomy level was L1; 1 patient, L2; 11 patients, L3; 26 patients, L4; 4 patients, and L 5; 2 patients. As co-morbidities, 5 patients had Parkinson's disease, 3 patients had depression, 1 patient had rheumatoid arthritis, and 1 patient had Cushing disease.
Surgical invasiveness was evaluated using operation time and estimated intra-operative blood loss. Clinical results was evaluated using the Japanese Orthopaedic Association's 29-points system (JOA score) and visual analog scale (VAS). Intra-operative and post-operative complications were investigated. Radiologically, the fusion rate of the PSO site and fusion area, lordosis in the fused area, lumbar lordosis (LL; L1-S1), thoracic kyphosis (TK; T4-12), sagittal vertical axis (SVA), pelvic tilt (PT), sacral slope (SS), and pelvic incidence (PI) were evaluated 6) . Fusion at the PSO site was defined as no bony gap at the PSO site and no motion observed between standing and supine lateral films, and fusion at the fusion area was defined as having a range of motion of 3 degrees or less on standing flexion-extension lateral film or standing and supine films. The Cobb angle between the PSO vertebra and the superior vertebra was measured to evaluate local correction by PSO.
Statistical analysis was performed using a paired t-test, with a significant p-value of 0.05.
Results
Surgical invasiveness
Average operative time was 424 ± 105 min (231~706 min) and average estimated blood loss was 2880 ± 1557 g (630~6810 g). Forty-three patients (98%) required blood transfusion (27 patients; autologous blood only, 11 patients; autologous and allogeneic blood, and 5 patients; allogeneic blood). Operation time and estimated blood loss were highly correlated (R = 0.623), as shown in Fig. 1 .
Clinical results
The average JOA score at pre-op of 14.0 ± 3.8 points changed with a significant difference to 21.8 ± 4.3 at 1-year post-op and to 20.7 ± 4.8 at final follow-up. The average low back pain VAS score of 37 patients at pre-op of 67.9 ± 24.2 mm decreased with a significant difference to 36.9 ± 28.7 mm at 1-year post-op and to 39.9 ± 32.5 mm at final follow-up. Leg pain and leg numbness VAS scores had no significant improvement (Table 1) .
The reasons for poor outcomes for 10 patients were reoperation for PJK for 4 patients, re-operation for rod fracture for 3 patients, and deterioration of co-morbidity for 3 
Complications
Six patients developed neurological complications. One patient required re-operation due to L4 root motor deficit at the level of L4 osteotomy, 1 patient developed transient L3 root motor deficit at the level of L3 osteotomy, 3 patients developed transient nerve root irritation and sensory deficit at the osteotomy level (2 patients at L3 and 1 patient at L5), and 1 patient developed transient iatrogenic foraminal stenosis at the lower level of osteotomy. One patient who had osteotomy at the middle vertebra of the fused area developed a dural tear; however, it was repaired without cerebrospinal fluid leakage. Other peri-operative complications included deep vein thrombosis for 3 patients, post-operative delirium for 2 patients, re-intubation due to respiratory dysfunction for 1 patient, and inappropriate blood transfusion without any adverse event for 1 patient.
Re-operations
Eight re-operations were performed in 6 patients. One patient required L4 nerve root decompression following L4 osteotomy immediately at post-op and another re-operation for PJK at 4 years post-op. One patient required re-operation for PJK at 1 month post-op and another re-operation for rod fracture at 2 years post-op. Re-operations for PJK including proximal junctional fracture were performed in 4 patients, and the average interval from PSO was 32 months (1-62 months). Re-operations for rod fracture were performed in 3 patients, and the average interval from PSO was 33 months (20-51 months).
Radiological results
Bone fusion at the PSO site was obtained in 93.2% of patients, and the fusion rate of the fused area was 88.6%. Subsequent vertebral fracture (including sacrum) during the follow-up period was observed for 13 female patients (29.5%). The average PI-LL at pre-op of 52.9 ± 19.8 degrees changed with a significant difference to 3.8 ± 13.5 degrees at post-op, to 13.4 ± 14.2 degrees at 1-year follow-up, and to 14.8 ± 15.9 degrees at final follow-up. The average obtained lordosis in the fusion area was 50.7 degrees at post-op, 39.5 degrees at 1-year follow-up, and 37.3 degrees at final follow-up. The average correction at the PSO site was 36.0 degrees at post-op, 36.7 degrees at 1-year followup, and 37.0 degrees at final follow-up. The average SVA at pre-op of 145.0 ± 69.9 mm decreased with a significant difference to 51.2 ± 46.7 mm at 1-year follow-up; however, it increased to 75.3 ± 56.0 mm at final follow-up (Table 2 ).
Discussion
PSO was described originally for the correction of sagittal plane deformity in ankylosing spondylitis patients 7) ; however, recently, this procedure became widely used to correct adult spinal deformity of the thoraco-lumbar spine 8) . PSO performed in patients who had previous spinal fusion can be difficult compared with that of primary cases. The dissection of neural tissue from the scar at the level in which decompression was previously performed is challenging. Gupta et al. reported the finding from a multi-center study comparing primary and revision groups that PSO was performed in both groups with similar sagittal deformity correction and similar complication rates 9) . In this study, we could also obtain good correction of kyphosis and a high fusion rate; however, we experienced dural tear and neurological complications. PSO can be a strong tool to achieve adequate lumbar lordosis in patients who had previous fusion surgery that led to kyphosis or inadequate lordosis (Fig. 2, 3) .
High surgical invasiveness is also a weak point of PSO. Estimated blood loss increased with operation time. Intraoperative bleeding was mainly from cancellous bone at the site of osteotomy and the exposed epidural venous plexus, so surgical planning to perform osteotomy in as short a time as possible will be key to reducing blood loss during operation. Iatrogenic nerve injury, deep vein thrombosis, and delirium were the most-often-observed peri-operative complications. Intra-operative neuromonitoring and intensive postoperative care with team support are necessary to discover complications at an early phase.
Rod fractures following PSO were reported recently as a long-term complication. Smith et al. reported the finding from a multi-center prospective study that 22% of patients with PSO developed rod fractures 10) . The rod fracture rate of this study was 6.8%. We performed interbody fusion at the proximal level using Lehmer's PSO and also performed interbody fusion at the distal level using TLIF. We believe that our procedure (in which the mobile intervertebral disc did not remain on either side of the PSO vertebra) was effective in preventing rod fractures.
PJK following correction surgery for adult spinal deformity is one of the main reasons for poor outcome. Lau et al. reported in a systemic review that the re-operation rate due to PJK was 13%~15% 11) . In this study, we performed reoperation for PJK in 4 patients (9.1%). PJK and subsequent vertebral fracture (29.5%) were major reasons resulting in poor outcomes for patients. Only female patients required re-operation and developed subsequent vertebral fracture in this study; hence, we believe that more careful follow-up and intensive treatment for osteoporosis is necessary for female patients.
In conclusion, PSO as a salvage operation for kyphosis following previous lumbar fusion surgery was an effective procedure without correction loss at the local osteotomy site; however, its surgical invasiveness and complication rate were high. Subsequent vertebral fracture, adjacent segment degeneration, and rod fracture contribute to deterioration of outcome that is evident at long-term follow-up.
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